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ABSTRACT

Recent studies have determined that photochemical oxidation in cultured cells can be detected at peak
irradiances as low as 8.5x10* W cm™ (87-fs pulse). Fluorescent dyes, such as CM-H,DCFDA, cnablc us to
quantify the oxidation response of cells to mode-locked near-infrared (NIR) lascr exposure. Using a
modified confocal microscope, we characterize the time-dependent 2-photon induced fluorescence generated
from a given NIR lascr exposure. When cultured cells were then pre-loaded with antioxidants, ascorbic acid
or N-acetyl-L-cysteine (NAC), they inhibit nonlinear oxidation with different efficiencies, providing insight
regarding mechanisms of damage.

Keywords: 2-photon excitation, modelocked, femtosecond, photo-oxidation, confocal microscope,
inhibitor, antioxidant

1. INTRODUCTION

In many applications'”, near-infrared (NIR) modelocked lasers are preferred over continuous wavc lasers
for their characteristically high peak-power delivered in ultrashort pulses to produce nonlinear effects.
These properties are used in a multitude of applications, which include multiphoton microscopy and
spectroscopy. Other uses for modelocked femtosecond lasers include diagnosis®® and treatment'® in
humans, where the lascr provides an increased transmittance in biomaterials. These properties are also
important for in vivo fluorescent imaging and tracking of circulating cells.

At very high peak-irradiances (Ep), ultrashort pulses can result in laser induced breakdown'' and free-
electron production'”, These extreme damage mechanisms can be used in nanodissection'?, where carefully
delivered laser exposures are used (while keeping the cell viable). Understanding biological damage is
paramount for the generation of these nonlinear effects when limiting collateral damage is desired.

Here we suggest to scientific, medical, and laser safety communities some means of reducing the
photochemical effects generated by ultrashort laser pulses. Applying various antioxidants and visualizing
rates of reactions with our modified confocal microscope setup'‘, we show a rcduction in oxidation .
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2. METHODS AND MATERIALS
2.1 Cell culture

The human retinal pigment epithelial cell line ("\TERT-RPE1; ClonTech) was used in all laser exposure
expcriments. Cultures were maintained in DMEM/F12 medium (10% fetal calf serum) at 37 °C and 5%
CO;. Cells were seeded into 35-mm Petri dishes at 300,000 cells per dish for use in experiments. Hank'’s
balanced salt solution (HBSS) was used whenever cells were rinsed, loaded with fluorescent dye and
inhibitors, and when exposed to lasers. Temperature regulation (25-28 °C) at the Confocal Laser-Damage
Imaging System (CL-DIS) was provided by heating an aluminium block containing a central hole for the
35-mm culture dish. The block was attached directly to the X-Y translation stage of the confocal
mucroscope. The fluorescent dye dichlorodihydrofluorescein (CM-H,DCFDA, Molecular Probes) was used
to indicate production of intracellular reactive oxygen species (ROS). This occurs when CM-H,DCFDA is
converted to its oxidized form CM-DCF. Ascorbic acid (AA) (cat BP351-500, Fisher Scientific) or N-
acetyl-L-cysteine (NAC) (cat A9165, Sigma-Aldrich) were co-loaded with the dye and acted to inhibit
fluorescence; cells (preloaded with 25 pM CM-H;DCFDA and varying concentrations of inhibitor) were
incubated at 37 °C for 20 minutes prior to laser irradiation exposure.

2.2 Lasers and beam delivery

Modelocked (80 MHz) 810-nm output from a tunable Mai Tai Ti:sapphire laser (Spectra Physics) was
attenuated (prior to pulse compensation) by the combination of a half-wave plate and polarizing cube. The
laser beam was delivered to the cellular layer in the 35-mm culture dish using a 250-mm focal length lens
and a 4-mm, right-angle prism suspended just below the objective. This arrangement of the microscope
and the experimental laser beam delivery system is referred to as the CL-DIS and is shown in Figure 1. To
correct for group velocity dispersion, a pulse compressor was constructed to minimize pulse duration at the
sample. The corrected pulse duration of the modelocked exposure beam was 87 fs, as measured by
GRENOQUILLI (Swamp Optics), after passing through BK7 glass. The BK7 glass was used to approximate
the group velocity dispersion that occurs in the glass (lens and prism) between the pulse compressor and
exposure plane. The thickness of BK7 glass used is equivalent to the combined thickness of the focusing
lens and prism in the CL-DIS. Beam power was measured at two locations; prior to the focusing lens and
also after the prism. A power ratio between these two locations allowed power to be adjusted and set
during the course of the experiment by following the power measured prior to the focusing lens. Beam spot
size was determined by the knife-edge method". This measurement was performed each day, in duplicate,
prior to cell exposure.

Figure 1: CL-DIS Setup. NIR
A-Waveplate laser radiation is emitted from the
B-Cube KT Fluorescence imaging at | Mai Tai laser and incident upon a
g_-glc_:rrle‘cbons R confocal PMT cube and waveplate combination
E 2;%m - i for continuous power adjustment.
o m Lens g
F-Tuming Prism Puls¢ compressor | The beam then travels through a
G-Mitutoyo 50x Objective i pulse compressor and continucs_to
GRENOUILYE ¢l : the confocal microscope. A flip-
T L l up mirror is inserted into the path
A T ! to direct a sample of the beam into
ey I T et
Mai Tai |as€j}_4_B____l_)/ Cdﬁ g I a GRENOUILLE for accurate
or 3800 ! ] pulse duration measurement. A
B \K————---D?Z—_—_%—?%‘T sample of glass is also placed
: between the flip-up and the
GRENOUILLE to approximate
EXpiae wx the group velocity dispersion by
Microsocpe Focal Plan  / 3 8
the lens and prism.
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2.3 Microscopy

Cells were visualized using a confocal laser-scanning microscope (Olympus BX61 W1, Leeds Instrumcnts,
Inc, Irving, TX), fitted with a 50X objective (Mitutoyo Plan APO SL, Edmund Optics). For relative
quantification of the oxidized CM-DCF fluorescence, acquisition parameters and settings on the
microscope were the same for every exposure. Images were collected using FluoView 300 software with
the automatic black-level adjustment deselected. For oxidation rate determination, cells were preloaded
with CM-H;DCFDA and exposed to varying irradiances of 3000, 6000, and 9000 W/em?. Separate dishes
were then loaded with CM-H,DCFDA/inhibitor and exposed to a constant 5,000 W cm mean irradiance
from the Mai Tai laser. Scanned confocal images were taken prior to, and at 10-s intervals during, the Mai
Tai laser exposure, for a total exposure duration of 60 s.

Mean fluorescence was determined using FluoView 300 software. It was calculated using thc total
measured fluorescence units within a region of interest (ROI) and dividing by the number of pixels within
the ROL. The ROI was defined as the laser spot size determined from the knife-edge measurement for that
day. Measured laser-induced mean fluorescence was corrected by subtracting initial (t=0) fluorescence in
the ROI and background fluorescence sampled outside the ROI at each subsequent time point.

2.4 Experimental Procedure

RPE cells, prepared for laser exposures as described in the Methods and Materials section, were brought
into focus with the CL-DIS set-up. An external modelocked NIR beam was also focused to the same focal
plane as the confocal microscope and directed to the center-of-view of the confocal microscope. This
allowed for real-time data collection and analysis of oxidation fluorescence rcactions. An external shutter
controlled the exposure duration of the NIR beam while the scanning laser (488-nm wavelength) excited
fluorescence, from the CM-DCF within the region of the NIR beam via single-photon excitation.

The 488-nm scanning lascr from the confocal microscope is also an efficient photo-oxidant. To
differentiate between NIR oxidation and scanning laser oxidation, postexposure images were analyzed
using two different regions-of-interest. Average background fluorescence was calculated and subtracted
from the average fluorescence induced by NIR radiation. This tcchnique provided an accurate
measurement of fluorescence produced by the scanning laser and allowed for background fluorescence
subtraction.

3. RESULTS
3.1 2-Photon excitation oxidation

Figure 2 shows the oxidation fluorescence response with each timc step (image panel). Following the
progression of panels, one can visually quahify the very low background fluorescence generated by the 488-
nm scanning laser. Oxidation fluorescence of CM-DCFDA often had a granular appearance around the
nucler of exposed cells. Fluorescence was seen to migrate throughout the cells during cxposure. Each
panel in Figure 2 shows an increasing oxidation response to the NIR modelocked laser indicated by
intracellular fluorescence. Using FluoView 300 software, mean fluorescence can be quantified and
corrected for background fluorescence.
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Figure 2: Time-lapse NIR Induced
Photo-oxidation. Each panel shows
a representative image of laser
induced photo-oxidation at 10-s
intervals. As time increases (left to
right), the fluorescent intensity also
increases. This is due to higher
concentrations of ROS generated by
the Mai Tai NIR modelocked laser.
Shown in the last panel 1s the laser
exposure spot size with scalc bar

(100 pm).

Figure 3 shows average corrected fluorescence with respect to laser exposure time. This graph shows that
as time increases, the mean fluorescence also increases nonlinearly. This plot also shows that the intensity

(in mean fluorescence) increases with an increasing mean irradiance.

The oxidation response for 3000

W/cm? is near threshold and not as efficient as 6000 W/cm® or 9000 W/cm® mean irradiances.
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Figure 3: Time-dependent fluorescence showing the increase in oxidation (fluorescence) with respect to laser exposure
(time). The oxidation dependence on laser irradiance is also apparent. ROS are more abundant with higher mean

irradiances (9000 W/cm?) than compared to lower irradiances (3000 W/cm?).
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When the oxidative fluorescence and irradiance data are plotted on log-log axes, the time points of the
time-lapse data fell on a straight line'®"”. Applying a linear regression through each time set yielded an

average slope of 2.2 = 0.22. The slopes of these lines indicate a power-squared dependence that supports
the 2-photon excitation event.
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Figure 4: 2-Photon excitation: oxidation-irradiance from figure 2 is plotted on log-log axes. The average slope of each
best-fit line is 2.240.22.

By fitting the fluorescence-time response data with a quadratic curve and calculating the second derivative,
we can determine oxidation acceleration for each irradiance. Figure 4 shows the relationship between
reaction acceleration and irradiance. Fitting these data with a linear function we can determine the
minimum detectable mean irradiance. Using this method, we determine a minimum mean irradiance of

2960 W/cm® or threshold irradiance of 5920 W/cm?® for a Gaussian beam. This corresponds with a peak
irradiance (Ep) 8.5x10° W/em®.
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Figure 5: F” vs. Irradiance. Plotting the calculated oxidation accelerations with their respective mean irradiance allows
us to linearly extrapolate a threshold for oxidation reactions. Minimum irradiance for the oxidation, as calculated from
the best fit line, is 2960 W/cm? mean irradiance.

3.2 Antioxidant Effects on 2-Photon Excitation Oxidation

RPE cells preloaded with CM-H,DCFDA and varying concentrations of inhibitors (AA and NAC) were
exposed to modelocked NIR radiation. The fluorescence-time response data were collected and analyzed,
in the same manner as determining the threshold, by fitting the data with a quadratic curve and calculating
the second derivative. The reaction acceleration calculated for each inhibitor concentration was then
divided by the acceleration of the control (0 mM inhibitor). This allowed us to list the reaction
accelerations as a fraction of the control.

Table 1 lists the fractional reduction of oxidation acceleration of cells loaded with AA. As the
concentration of AA increases, the efficiency of the antioxidant increases. From these data, we see that
ascorbic acid is an efficient antioxidant, where 0.25 mM concentrations decreases the oxidation
acceleration by more than 60%, and even higher AA concentrations (2-3 mM) provided greater than 90%
inhibition of oxidation. These data are also shown in Figure 5. Error was calculated as 1 standard
deviation and is listed in Table 1 as percentage.
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Table 1: Ascorbic Acid Effects on 2-Photon Excitation
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Figure 6: AA Effects on Oxidation. The trend in this graph shows that AA is an efficient antioxidant. AA
concentrations of 2 mM provide nearly a 90% reduction of oxidation effects.

The fractional reduction of oxidation for NAC is listed in Table 2 and summarized in Figure 6. From these
data it is shown that NAC does provide some antioxidant protection, with 2 mM concentrations reducing
the oxidation rate by nearly half. However, ascorbic acid provides a far greater capacity of protection from
our 2-photon excitation photo-oxidation.
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Figure 7: NAC Effects on Oxidation. The trend in this graph shows that NAC does provide some protection against
oxidation. NAC is not as efficient as AA with similar concentrations providing less than 50% reduction in oxidation
effects.

4. CONCLUSION

From the data collected and reported herein, we show that 2-photon events can occur at peak irradiance
lcvels that are lower than previously thought possible. This also suggests that, with the aid of fluorescent
dyes, ROS can be detected at these lower levels. Additionally, we report that AA and NAC both provide
some protection from ROS. While both inhibitors provide protection, AA is more efficient at protecting
cells from ROS than NAC. Our findings, though limited to two inhibitors, are significant with the
treatment and prevention of photo-chemical laser induced damage.
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